Myelodysplastic syndromes (MDSs) often occur in older adults with significant comorbidities. Therefore, a reduced-toxicity conditioning regimen may be more suitable than standard conditioning regimens before allogeneic blood stem cell transplantation. Here, we retrospectively compare the outcome of a treosulfan-based conditioning regimen with standard myeloablative TBIbased conditioning regimens in patients (pts) with MDS. A total of 48 pts with MDS were included in the study, of which 29 (60%) pts received TBI-based and 19 (40%) pts received a treosulfan-based conditioning regimen. A significantly lower relapse incidence (5% vs 34% at 3 years, P ¼ 0.019) resulting in a better, but not statistically significant relapse-free survival (RFS) (57% vs 31%, P ¼ 0.086) was observed after treosulfan-based conditioning. In pts with increased risk for significant side effects due to comorbidities (haematopoietic stem cell transplantation specific comorbidity index), the estimated 3-year RFS was significantly better in the treosulfan group: 54% (95% confidence interval (CI), 17-90%) compared with pts in the TBI group: 11% (95% CI, 0-44%; log-rank test P ¼ 0.0455). Treosulfan-based conditioning therapy is a feasible and effective regimen for pts with MDS, especially in pts with preexisting comorbidities.
Introduction
Allogeneic haematopoietic stem cell transplantation (HCT) for patients (pts) with myelodysplastic syndrome (MDS) is a potentially curative treatment. However, as the majority of pts with MDS are of older age, they may not be eligible for standard high-dose myeloablative conditioning regimens due to severe side effects. Although recently introduced dosereduced conditioning regimens allow transplantation of older pts, the lower intensity may result in an increased relapse risk. A conditioning regimen using treosulfan and fludarabine combines reduced toxicity with full intensity. [1] [2] [3] [4] [5] [6] Treosulfan is a water-soluble bifunctional alkylating cytotoxic agent and has been evaluated in the therapy of solid tumours, including ovarian cancer. 7 Because of the well-known advantages of a low non-haematologic toxicity profile, immunosuppressive as well as antileukaemic activity and broad stem cell toxicity, high-dose treosulfan was considered as an alternative agent in conditioning regimens before allogeneic HCT. The nucleoside analogue fludarabine is being increasingly used for reduced-intensity conditioning regimens. Fludarabine potentiates alkylatorinduced cell killing through inhibition of DNA repair mechanisms. 8 It has a favourable toxicity profile and its immunosuppressive effects, particularly on T-cell activity, make the substance suitable as a component of alternative conditioning regimens before allogeneic HCT.
As the treosulfan and fludarabine combination has been shown to be a promising treatment alternative to standard as well as reduced-intensity conditioning in a number of phase I and II studies, [1] [2] [3] [4] [5] [6] we retrospectively compared pts suffering from MDS either treated with treosulfan-based conditioning regimens or TBI-based standard conditioning before allogeneic HCT. As a major negative impact of preexisting comorbid conditions on survival after allogeneic HCT was reported in earlier studies by Sorror et al., 9, 10 we considered the haematopoietic stem cell transplantation specific comorbidity index (HCT-CI) in the analysis.
Materials and methods
A retrospective analysis of treosulfan-based conditioning in comparison with standard conditioning was performed.
Pts with acute myeloid leukaemia, MDS and non-Hodgkin lymphoma who received first allogeneic stem cell transplantation from an HLA identical donor between 1 January 1999 and 31 December 2005 at the Department of Bone Marrow Transplantation at the University Hospital Essen (n ¼ 234), and at the Division of Hematology and Oncology of the University of Rostock (n ¼ 62) were included for evaluation. Here, we report about the subgroup analysis of 48 pts with MDS (Essen n ¼ 39, Rostock n ¼ 9). The median follow-up of those pts surviving was 5.8 years (range, 2.5-9 years).
Patient characteristics
In total, 37 (77%) pts with primary MDS and 11 (23%) pts with therapy-related MDS were transplanted from HLAcompatible related (n ¼ 18) or matched unrelated (n ¼ 30) donors. The median patient age was 47.5 years (range, 18-68 years). A total of 27 (56%) pts were o50 years, whereas 21 (44%) pts were 450 years. The HCT-CI as described by Sorror et al. 8, 9 was p2 in 67% of pts and 42 in 33% pts. In all, 29 (60%) pts received a TBI-based conditioning regimen with a total dose of at least 10 Gy (2.5 Gy on 4 consecutive days up to 3 Â 4 Gy). Of these, 10 (21%) pts were treated with TBI/fludarabine and 19 (40%) pts with the combination of TBI and an alkylating agent. Nineteen (40%) pts received a treosulfan-based conditioning regimen (16 (33%) pts with treosulfan/fludarabine and 3 (6%) pts with treosulfan/CY). In cases of unrelated donors, rabbit antithymocyte globulin (10 mg/kg BW, day À4 to day À2) or alemtuzumab (50 mg total dose) was added. Acute GVHD prophylaxis was CYA based in all pts. A short course MTX was part of immunosuppressive therapy in all pts with the exception of pts with treosulfan/CY-based conditioning.
All HCT recipients were managed in laminar airflow rooms and received prophylaxis for bacterial, viral and fungal infections as well as pneumocystis carinii pneumonia according to local standards. A summary of the patient characteristics is shown in Table 1 .
Evaluation of response
As surrogate parameter for toxicity after SCT, mucositis, morphine requirement (defined as at least 10 mg of morphine equivalent once after transplantation), onset of veno-occlusive disease and bilirubinaemia were evaluated according to the National Cancer Institute Common Terminology Criteria for Adverse Events (CTC AE Version 3.0). Acute and chronic GVHD were graded according to the standard criteria. 11, 12 Chronic GVHD was evaluated in pts with a survival follow-up of at least 100 days.
Statistical analysis
Primary end points were non-relapse mortality (NRM), OS, relapse-free survival (RFS) and cytological incidence of relapse (RI). NRM was defined as the probability of dying without previous occurrence of relapse or persisting disease. Pts alive without relapse or persisting disease were censored at last contact. Persisting disease/relapse were considered as competing events. The NRM rates were estimated using cumulative incidence curves. OS was calculated from HCT to death of any cause. RFS was considered to be the time from HCT to death or disease progression/relapse. Survival curves and probabilities were estimated using the Kaplan-Meier method with the date of HCT as a starting point.
For statistical comparison of time-to-event data without competing events, the log-rank test was applied. Cumulative incidence curves in the presence of competing risks were compared using the test of Gray.
Comparison of ordinal variables between treatment arms were performed using the exact Wilcoxon-Mann-Whitney test. Fisher's exact test was applied in case of dichotomous variables. All reported P-values are two-sided and to be interpreted on an exploratory perspective.
Statistical analysis was performed using SAS (SAS Institute Inc., Cary, NC, USA) software package version 9.1.3 and R version 2.2.1 or higher (The R Foundation for statistical computing; http://www.r-project.org) on Windows platform.
Results

Toxicity
The frequency of grade I/II mucositis was comparable between the TBI group and treosulfan group with 51.7% vs 57.9%, respectively. However, 20.7% vs 10.5% of pts developed CTC grade III/IV mucositis. Of note, in treosulfan-treated pts no grade IV mucositis was observed. However, the difference was not statistically significant (exact Mann-Whitney test, P ¼ 0.292).
None of the pts suffered from veno-occlusive disease. Bilirubinaemia grade III/IV developed in one patient of both groups, respectively, whereas 95.8% of pts had normal levels of bilirubin. Analgesia with opiates was required in 75.9% (22 pts) of pts after conditioning with TBI and in 57.9% (11 pts) of pts after treosulfan-based conditioning (Fisher's exact test, P ¼ 0.218).
GVHD
The rates of acute GVHD until day þ 100 before any DLI or immunotherapeutic intervention were 72.4% (I-II1 58.6%, III-IV1 13.8%) in the TBI group and 58% (I-II1 36.9%, III-IV1 21.1%) in the treosulfan group (Fisher's exact test, P ¼ 0.001). The observed distribution of organ involvement of acute GVHD is shown in Table 2 .
Chronic GVHD before any DLI or immunotherapeutic intervention occurred in 56% of pts after conditioning with TBI and in 72% of pts after treosulfan-based conditioning (Fisher's exact test, P ¼ 0.348). The proportion of extensive GVHD was 28% vs 50%, respectively (Fisher's exact test, P ¼ 0.204).
Incidence of cytological relapse
The RI at 100 days, 1 and 3 years after transplant (Figure 1a ) was 3% (95% confidence interval (CI), 0-10%), 14% (95% CI, 1-26%) and 34% (95% CI, 16-53%) after TBI-compared with 0% (95% CI, 0-0%) at 100 days and 1 year and 5% (95% CI, 0-15%) 3 years after the treosulfan-based regimen (Gray test, P ¼ 0.019). Stratified by HCT-CI, no differences in RI were detected (Gray test, P ¼ 0.788). In the subgroup analysis, the RI after 3 years for pts with HCT-CIo2 was 35% (95% CI, 13-57%) after TBI conditioning and 0% (95% CI, 0-0%) after conditioning with treosulfan ( Figure 1b , Gray test P ¼ 0.026) and for pts with HCT-CI42 was 33% (95% CI, 5-61%) vs 14% (95% CI, 0-38%; Gray test P ¼ 0.348), respectively.
NRM and causes of death
The cumulative incidences of NRM (Figure 2a ) at 100 days, 1 and 3 years after transplant were 14% (95% CI, 1-26%), 31% (95% CI, 14-48%) and 34% (95% CI, 17-52%) in the TBI group compared with 5% (95% CI, 0-15%), 26% (95% CI, 7-46%) and 38% (95% CI, 16-60%) in the treosulfan group (Gray test P ¼ 0.764). Of note, pts with therapy-related MDS had a lower 3-year NRM (19%; 95% CI, 0-42%) compared with pts with primary MDS (41%; 95% CI, 24-57%; Gray test P ¼ 0.111), whereas no differences were observed in NRM stratified by HCT-CI (Gray test P ¼ 0.725). However, pts with a HCT-CI42 (Figure 2b ) appeared to have a higher NRM in the TBI group with 22% (95% CI, 0-48%) vs 0% in the treosulfan group at day 100 and 56% (95% CI, 24-87%) vs 32% (95% CI, 0-65%) after 36 months (Gray test P ¼ 0.336), respectively.
All of the 10 pts in the TBI group with a transplantationrelated cause of death died from infection, whereas in the treosulfan group four pts died from infectious disease and two pts from chronic GVHD. One patient in each group died from relapse. Figure 3 . The estimated 1-and 3-year OS (Figure 3a ) for pts receiving a TBI-based conditioning was 62% (95% CI, 44-80%) and 34% (95% CI, 14-55%) and for pts with a treosulfan-based conditioning was 74% (95% CI, 54-93%) and 57% (95% CI, 34-80%; log-rank test P ¼ 0.1764). For those pts with an HCT-CIo2, the estimated 3-year OS was 40% (95% CI, 16-64%) in the TBI group compared with 58% (95% CI, 31-86%) in the treosulfan group (P ¼ 0.545, log-rank test) and for those with a HCT-CI42 (Figure 3b ), 22% (95% CI, 0-56%) in the TBI group compared with 54% (95% CI, 17-90%) in the treosulfan group (P ¼ 0.151, log-rank test).
OS
Kaplan-Meier estimates of OS are illustrated in
Relapse-free survival
The estimated 1-and 3-year RFS for pts receiving a TBIbased conditioning was 55% (95% CI, 36-74%) and 31% (95% CI, 10-52%) and for pts with a treosulfan-based conditioning 74% (95% CI, 54-93%) and 57% (95% CI, 34-80%; log-rank test P ¼ 0.086). No differences were observed in RFS stratified by HCT-CI (P ¼ 0.579, log-rank test), but in the subgroup analysis for pts at high risk with an HCT-CI42 (Figure 4 ), the estimated 3-year RFS was significantly better in the treosulfan group 54% (95% CI, 17-90%) compared with pts in the TBI group 11% (95% CI, 0-44%; log-rank test P ¼ 0.046). However, no difference in the RFS was observed for pts with an HCT-CIo2.
Discussion
For many years, pts with MDS have received standardintensity conditioning regimens. Improved understanding of transplantation biology in recent years has led to the development of dose-reduced conditioning regimens, which have made it possible to offer allogeneic HCT to pts in higher-age groups and/or with comorbidities. However, the 3-year OS still ranges from 20 to 48%, with a resulting 3-year RFS between 22 and 40% and a 3-year NRM Table 2 Onset of acute GVHD Treosulfan-based conditioning in myelodysplastic syndrome I Hilgendorf et al ranging from 22 to 37%. [13] [14] [15] [16] The combination of treosulfan and fludarabine has recently been shown to be a toxicity reduced but full-intensity conditioning approach 1,2,17 and first disease specific phase II protocols have shown its feasibility. 3, 5, 18, 19 In this retrospective analysis, we evaluated the role of treosulfan-based reduced-toxicity conditioning in comparison with TBI-based standard conditioning and incorporated the HCT-CI in the assessment of outcomes after allogeneic HCT for pts with MDS.
Surprisingly and despite the small number of pts, the relapse rate was significantly lower after treosulfan-based conditioning compared with the standard high-dose TBI-based approach (5% at 3 years vs 34%, P ¼ 0.019). This may be the result of antitumour activity through allogeneic immunity as a beneficial effect of chronic Treosulfan-based conditioning in myelodysplastic syndrome I Hilgendorf et al GVHD in MDS pts was reported, 20 and the rate of chronic GVHD was higher in the treosulfan group (TBI 56% vs treosulfan 72%, P ¼ 0.348). On the other hand, in a prospective treosulfan/fludarabine phase II study, 19 the cumulative incidence of chronic GVHD (59%) was in the range of the historic TBI group in this evaluation and the relapse rate after treosulfan/fludarabine conditioning still remained considerably low with 16% after 2 years, suggesting a beneficial cytotoxic effect of the treosulfanbased conditioning regimen. Another difference between the two treatment groups has been the allocation of secondary/therapy-related MDS types almost exclusively into the treosulfan group. However, one would rather be inclined to anticipate a higher relapse rate in secondary MDS types.
Despite the predominant allocation of secondary/therapy related MDS into the treosulfan group, the NRM was not increased in comparison to the TBI group. In pts with Treosulfan-based conditioning in myelodysplastic syndrome I Hilgendorf et al comorbidities (HCT-CI42), treosulfan-based conditioning was associated with a significantly better 3-year RFS (54% vs 11%; log-rank test P ¼ 0.0455) and a trend to a better 3-year OS (54% vs 22%; log-rank test P ¼ 0.1514) compared with TBI-based conditioning. Drawbacks of the present study are the retrospective character and the small sample size, which allow only a limited interpretation of the results. Nevertheless, the long follow-up as well as the confirmation of the results by the prospective phase II study indicate that the treosulfanbased conditioning might combine the desired effects of reduced toxicity and high antileukaemic activity: because of the higher incidence of MDS in pts of higher age, conditioning with a treosulfan-based regimen may, therefore, offer a promising alternative to standard conditioning regimens, but prospective randomized studies are required to validate the superiority. A larger prospective randomized study in AML and MDS pts currently under way in several European countries may help to further define the role of treosulfan and fludarabine in allogeneic HSCT. Figure 4 Relapse-free survival (RFS) after TBI-or treosulfan-based (Treo) conditioning for pts with a haematopoietic stem cell transplantationcomorbidity index 42.
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